Abstract. Hesperidin is a vitamin P flavonoid compound primarily present in citrus fruits, which possesses an anti-inflammatory effect. The functional role of hesperidin in interleukin (IL)-1β-stimulated human osteoarthritis (OA) chondrocytes is still unknown. In the present study, anti-inflammatory effects of hesperidin in IL-1β-stimulated chondrocytes were investigated. The results demonstrated that hesperidin treatment markedly decreased nitric oxide and prostaglandin E2 production and markedly downregulated inducible nitric oxide synthase and cyclooxygenase-2 expression in IL-1β-stimulated OA chondrocytes. In addition, hesperidin markedly reduced IL-1β-induced matrix metalloproteinase (MMP)-3 and MMP-13 expression in human OA chondrocytes. Furthermore, hesperidin markedly decreased the activation of nuclear factor (NF)-κB in human OA chondrocytes. In conclusion, it was revealed for the first time that hesperidin inhibited inflammatory responses in IL-1β-stimulated human chondrocytes, potentially through inhibiting the activation of the NF-κB signaling pathway. These data suggest that hesperidin may be a potential agent for the treatment of OA.
Introduction
Osteoarthritis (OA) is a degenerative disease, with patients exhibiting joint pain, joint swelling, restricted movement and joint deformities (1) . OA is an autoimmune disease and an increasing number of patients (~8%) with OA have been diagnosed in the clinic since 2008 worldwide (2) (3) (4) . OA is divided into primary and secondary OA, according to the presence of local and systemic risk factors, including inflammation and genetic factors (5) . The causes of OA are complex, including genetic, physical and chemical factors, which are difficult to classify with regards to a systematic model (6) . The pathogenesis associated with this disease is not well understood and OA is frequently misdiagnosed as rheumatoid arthritis or ankylosing spondylitis in clinical settings (7) (8) (9) .
Hesperidin is a flavanone glycoside, which is a vitamin P flavonoid compound (10) . A previous study reported biological activities of hesperidin and its molecular mechanisms, including involvement in the nuclear factor erythroid 2-related factor/extracellular signal-regulated kinase, No/cGFP and phosphoinositide 3-kinase/mitogen-activated protein kinase signaling pathways in neuropharmacology (11) . In addition, the therapeutic effects of hesperidin on cardiac tissue and renal and hepatic damage have been evaluated in several reports (12) (13) (14) . Another study revealed that hesperidin presented protective effects against radiation-induced hepatic injury and damage to peripheral blood lymphocytes (15) . Furthermore, hesperidin ameliorates oxidative stress and mitochondrial dysfunction by activation of antioxidant enzymes, including superoxide dismutase, catalase and glutathione-S-transferase (16) . In addition, hesperidin alleviates acetaminophen-induced toxicity in Wistar rats by abrogation of oxidative stress, apoptosis and inflammation (17) . However, the anti-inflammatory effects of hesperidin on inflammation in human osteoarthritis chondrocytes remain unclear.
A previous study indicated that cyclooxygenase (COX)-2-selective inhibitors may be used for the treatment of rheumatoid arthritis (18) . Matrix metalloproteinase (MMP) protein and activity levels are upregulated in synovial fluid from patients with joint injury, inflammatory arthritis and osteoarthritis compared to healthy controls (19) . Notably, nuclear factor (NF)-κB activation has been observed to increase in OA articular chondrocytes (20) . In the current study, the efficacy of hesperidin in interleukin (IL)-1β-stimulated human chondrocytes was investigated. The study further explored potential mechanisms mediated by hesperidin in human chondrocytes and reported an association between hesperidin and NF-κB signaling pathway activation in IL-1β-stimulated human chondrocytes. Table I ). PCR amplification started with a preliminary denaturation step at 94˚C for 2 min, followed by 45 cycles of 95˚C for 30 sec, 56˚C for 30 sec (annealing) and 72˚C for 45 sec. The reaction volume was 20 µl, containing 50 ng genomic cDNA, 200 µM dNTPs, 200 µM primers, 2.5 U Taq DNA polymerase and 2.5 U SYBR-Green (Thermo Fisher Scientific, Inc.). Relative mRNA expression changes were calculated by the 2 -ΔΔCq method (21) . Results are presented as the n-fold change compared with β-actin.
Materials and methods

Cell
Cell viability. Human OA chondrocytes (1x10 3 /well) were seeded in 96-well plates following treatment with IL-1β (2.0 mg/ml) and/or hesperidin (2.0 mg/ml; IL-1β, IL-1β+hesperidin and hesperidin groups) for 24 h at 37˚C, and treated with 10 µl MTT (5 mg/ml, Sigma-Aldrich; Merck KGaA) for 3 h at 37˚C. Following incubation, purple formazan crystals were dissolved using isopropanol (15 µl). The absorbance was recorded using a microplate reader (Multiskan FC, Thermo Fisher Scientific, Inc.) at 570 nm. The effects of hesperidin on cell viability were determined by the percent of cell viability, calculated as the ratio between mean absorbance of three samples and mean absorbance of the IL-1β group.
Cell transfection. Human OA chondrocytes (1x10 6 /well, untreated cells) were cultured in six-well plates for 12 h at 37˚C. The NF-κB overexpression plasmid was synthesized by cloning human NF-κB cDNA into plasmid pcDNA3.1 (pNF-κB; Suzhou GenePharma Co., Ltd., Suzhou, China) and the empty plasmid pcDNA3.1 served as the control (pControl). Cells were transfected pNF-κB (100 pmol) or pControl (100 pmol) using Lipofectamine 3000 reagent (Invitrogen, Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Following 48 h transfection, NF-κB-overexpressed cells were treated with hesperidin (2.0 mg/ml) for 24 h at 37˚C further analysis.
Production of nitric oxide (NO) and prostaglandin E2 (PGE2).
After 48 h transfection, NF-kB-overexpressed cells, treated with hesperidin or PBS, were used to detect NO and PGE2 production. Production of NO was assessed by measuring the nitrite content in the culture supernatant was obtained via centrifugation at 4,000 x g at room temperature for 10 min following mixing of the culture with Griess reagent (1% sulphanilamide, 0.1% N-1-naphthylenediamine dihydrochloride and 2.5% phosphoric acid). The absorbance was measured at 540 nm following 10 min of incubation at 37˚C. The levels of PGE2 were analyzed using the Prostaglandin E2 Parameter Assay kit (KGE004B, Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the manufacturer's instructions.
Western blot analysis. After 48 h transfection, NF-kB-overexpressed human OA chondrocytes (1x10 7 ) treated with hesperidin or PBS were lysed using radioimmunoprecipitation lysis buffer (Thermo Fisher Scientific, Inc.). Protein concentrations were measured using a BCA protein assay kit (Thermo Fisher Scientific, Inc.). Equal amounts of proteins (10 µg) were separated using 12% SDS-PAGE and transferred to a polyvinylidene fluoride membrane (Merck KGaA). Following blocking with 5% bovine serum albumin for 2 h at 37˚C, membranes were incubated with primary antibodies for 12 h at 4˚C: IL-1β (1:1,000; ab200478; Abcam, Cambridge, UK), IL-17A (1:1,000; ab193955; Abcam), IL-6 (1:1,000; ab7737; Abcam), IL-10 (1:1,000; ab19969; Abcam), COX-2 (1:1,000; ab15191; Abcam), PGE-2 (1:1,000; ab181249; Abcam), inducible nitric oxide synthase (iNOS; 1:1,000; ab15323; Abcam), MMP-3 (1:1,000; ab53015; Abcam), MMP-13 (1:1,000; ab39012; Abcam) and β-actin (1:2,000; ab8226; Abcam). Horseradish peroxidase-conjugated anti-rabbit IgG antibody (1:2,000; PV-6001; OriGene Technologies, Inc., Beijing, China) was incubated with the membrane for 24 h at 4˚C. Membranes were washed with PBS and visualized with an electrochemiluminescence western blotting detection reagent (Amersham; GE Healthcare, Chicago, IL, USA). The band intensities were analyzed by ImageJ software 1.0 (National Institutes of Health, Bethesda, MD, USA).
NF-κB activity. NF-kB-overexpressed with or without hesperidin human OA chondrocytes (1x10 6 /well) were cultured in six-well plates for 12 h at 37˚C. The 3'-untranslated region (3'-UTR) sequence of NF-κB was inserted into the pGL3 control vector (Promega Corporation, Madison, WI, USA). The construct was referred to as NF-κB-3'-UTR. Cells were washed with PBS and transfected with NF-κB-3'-UTR or control (NF-κB-3'-mimic; Promega Corporation) using Lipofectamine 3000 (Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. Cells were collected using centrifugation in 4,000 x g at room temperature for 15 min after 48 h at 37˚C and Renilla luciferase activity was measured using the Dual-Luciferase Reporter Assay system (Promega Corporation) according to the manufacturer's protocols. Results were obtained from three independent experiments performed in duplicate and normalized to Renilla.
Statistical analysis. Data are expressed as the mean ± standard deviation and statistical analysis was performed with SPSS 18.0 (SPSS, Inc., Chicago, IL, USA). Statistically significant differences between groups were analyzed by one-way analysis of variance followed by Tukey's honest significant difference test. P<0.01 was considered to indicate a statistically significant difference.
Results
IL-1β stimulates inflammation in human OA chondrocytes.
Anti-inflammatory effects of IL-1β on human OA chondrocytes were investigated in vitro. As illustrated in Fig. 1A , IL-1β significantly decreased the viability of human OA chondrocytes after 24 h compared with the control (P<0.01). IL-1β significantly increased iNOS, COX-2, MMP-3 and MMP-13 gene and protein expression in human OA chondrocytes compared with the PBS-treated cells (P<0.01; Fig. 1B and C) . These results indicated that IL-1β stimulated inflammation in human OA chondrocytes.
Hesperidin attenuates inflammation in IL-1β-stimulated
human OA chondrocytes. Effects of hesperidin on inflammation in IL-1β-stimulated human OA chondrocytes were investigated in vitro. Hesperidin significantly increased the viability of human OA chondrocytes compared with the PBS-treated group (P<0.01; Fig. 2A ). Hesperidin treatment significantly decreased IL-1β and IL-17A gene and protein expression (P<0.01; Fig. 2B and C) and significantly increased IL-6 and IL-10 gene and protein expression in IL-1β-stimulated human OA chondrocytes compared with the PBS-treated cells (P<0.01; Fig. 2D and E) . These results indicated that hesperidin may attenuate inflammation in IL-1β-stimulated human OA chondrocytes.
Hesperidin inhibits IL-1β-induced MMP-3 and MMP-13
release in human OA chondrocytes. Hesperidin effects on NO, PGE2, iNOS and COX-2 expression in IL-1β-stimulated human OA chondrocytes were further investigated. It was revealed that hesperidin significantly decreased NO and PGE2 production (P<0.01; Fig. 3A and B) and significantly inhibited iNOS and COX-2 gene and protein expression in IL-1β-stimulated OA chondrocytes compared with the PBS-treated cells (P<0.01; Fig. 3C and D) . Hesperidin further significantly inhibited IL-1β-induced MMP-3 and MMP-13 release in human OA chondrocytes compared with the control (PBS-treated cells; P<0.01; Fig. 3E and F) . These results suggested that hesperidin may inhibit the IL-1β-induced NO and MMP signaling pathways in human OA chondrocytes.
Hesperidin affects IL-1β-stimulated inflammation by inhibiting NF-κB activity in human OA chondrocytes.
The potential mechanism mediated by hesperidin was analyzed in human OA chondrocytes. It was observed that hesperidin significantly decreased the activity of NF-κB in IL-1β-stimulated human OA chondrocytes compared with the PBS-treated cells (P<0.01; Fig. 4A ). Additionally, NF-κBIR treatment significantly decreased iNOS, COX-2, MMP-3 and MMP-13 gene and protein expression in IL-1β-stimulated human OA chondrocytes compared with the PBS-treated cells (P<0.01; Fig. 4B and C) . NF-κB overexpression, induced by transfection with pNF-κB, significantly increased iNOS, COX-2, MMP-3 and MMP-13 gene and protein expression in IL-1β-stimulated human OA chondrocytes compared with the pControl (P<0.01; Fig. 4D and E) . The results also demonstrated that NF-κB overexpression reversed hesperidin-inhibited iNOS, COX-2, MMP-3 and MMP-13 gene and protein expression in IL-1β-stimulated human OA chondrocytes compared with the PControl group ( Fig. 4F and G) . These results indicated that hesperidin inhibited IL-1β-stimulated inflammation by the inhibiting NF-κB activity in human OA chondrocytes.
Discussion
A previous study revealed that hesperidin attenuates inflammation and oxidative damage in the pleural exudates and the liver of a rat model of pleurisy (22) . However, the role of hesperidin in human OA chondrocytes is yet to be elucidated. In the current study, the role of hesperidin in IL-1β-stimulated human OA chondrocytes was analyzed. The findings revealed that hesperidin significantly decreased IL-1β and IL-17A gene and protein expression, while it increased IL-6 and IL-10 gene and protein expression in IL-1β-stimulated human OA chondrocytes compared with the PBS group. The current study observed that hesperidin inhibited IL-1β-stimulated inflammation in human OA chondrocytes.
Currently, anti-IL-1β therapy is an efficient treatment method for patients with OA (23). Liu et al (24) indicated that IL-17 serves a crucial role in the pathogenesis of OA and is closely associated with pain, which suggests that blocking Table I . Primers for reverse transcription-quantitative polymerase chain reaction.
Gene
Forward (5'-3') Reverse (5'-3')   IL-6  TTCCATCCAGTTGCCTTCTTGG  TTCTCATTTCCACGATTTCCCAG  IL-1β  GGCTGCTTCCAAACCTTTGA  GAAGACACGGATTCCATGGT  IL-17A  ATGCACAGCCACCGCGACTT  CTTCATGACTGCCTCCAAGTAG  IL-10  CAGTGCAGAAGAGTCGACTGCAAG  CGCTTGAGATCCTGAAATATA  COX-2  TCAAAACCGAGGTGTA  GTGGGTAAGTATGTAGTGC  iNOS  GTTGGTACATGGGCACTGAG  TATGGTGGTCGGTAATGGTG  MMP-3  TCCCTCAGGAAGCTTGAACCTGAA  AAACCTAGGGTGTGGATGCCTCTT  MMP- Suppressing NF-κB activity attenuates pain and inflammation in rats with osteoarthritis (25) . Hesperidin has been reported to suppress oxidative stress and inflammation via activation of the protein kinase B/nuclear factor erythroid 2-related factor 2 signaling pathway, inhibition of the receptor for advanced glycation end products/NF-κB signaling pathway and further confers neuroprotection (26) . In the current study, it was revealed that hesperidin significantly inhibited NF-κB activity in IL-1β-stimulated human OA chondrocytes.
Suppression of PGE2 and MMP expression was indicated to inhibit cartilage degradation by pomegranate fruit extracts in a model of posttraumatic osteoarthritis (27) . Another study reported that patients with OA exhibited significantly higher COX-2 levels compared with the healthy control group (28). In the current study, findings demonstrated that hesperidin significantly decreased PGE2 and COX-2 expression in IL-1β-stimulated human OA chondrocytes compared with PBS-treated cells. A previous study has demonstrated that demethylation of an NF-κB enhancer element induced iNOS production in OA and is associated with an altered chondrocyte cell cycle (29) . In the current study, results revealed that hesperidin inhibited iNOS and COX-2 gene and protein expression in IL-1β-stimulated human OA chondrocytes compared with PBS-treated cells. Findings suggested that hesperidin regulated iNOS and COX-2 expression via the inhibition of NF-κB activity in IL-1β-stimulated human OA chondrocytes compared with PBS-treated cells.
In conclusion, the findings of the current study suggest that hesperidin downregulated inflammation in IL-1β-stimulated human OA chondrocytes and highlight the potential application of hesperidin for OA therapy based on decreasing NF-κB activity. The current study suggests that hesperidin may be a potential agent for the inhibition of inflammation in the treatment of OA.
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